We have studied the electronic, structural, and elastic properties of Ti 1-x-y Si x Al y N metastable phase, using first principles calculations based on the density functional theory. These calculations provide the lattice parameter, density of states, cohesive energy, formation energy and elastic constants, when Si and Al atoms replace Ti in the TiN lattice. The calculated values of lattice parameters and elastic constants are generally in good agreement with experiments and compare well with other theoretical results. We show that the trend followed by cohesive energy, formation energy, elastic constants is related to the electronic properties and bonding characteristics of these compounds.
Introduction
Traditional transition metal hard wear-resistant coatings, played an important role in the development of cutting and forming tools. Increasing requirements on high speed and dry cutting applications open up new demands on the quality of the coating materials used. The alloying of TiN with small amounts of Al and or Si allows a great improvement of the characteristics TiN coatings, in terms of hardness and oxidation resistance, which led ternary/quaternary Ti 1-x-y Si x Al y N systems to be considered as good alternatives to TiN in many industrial applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These coatings can be deposited by physical vapour deposition (PVD) techniques. When kinetics constraints due to low deposition temperature are present, and for low Si concentrations, a Ti 1-xy Si x Al y N metastable solid solution with fcc NaCl structure is formed where some Si and/or Al atoms are replacing Ti atoms in TiN fcc matrix [3] [4] [5] [6] [7] [8] .
Due to the importance of these type coatings, numerous experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and theoretical studies [11] [12] [13] 21] have been conducted mainly on ternary systems, but there is little knowledge about the properties of quaternary Ti 1-x-y Si x Al y N systems. The purpose of this work is to contribute to these studies by investigating the structural, electronic and elastic properties of the Ti 1-x-y Si x Al y N fcc structures, using ab initio density functional theory calculations. The calculations provide insight into the theoretical lattice parameter, formation energy, cohesive energy, and elastic constants when Si and/or Al atoms replace some Ti atoms in TiN fcc lattice. The results of the present calculations are compared with experimental data obtained from a few selected samples prepared by magnetron sputtering, exhibiting a Ti 1-x-y Si x Al y N metastable solid solution phase [10, [14] [15] [16] . We explain the trend followed by these parameters with the electronic properties and bonding characteristics of the quaternary systems.
Computational details
The first principles calculations were performed within the density functional theory [17] (DFT) formalism, using the Cambridge Serial Total Energy Package (CASTEP) [18] . It solves the Kohn-Sham equations with periodic boundary conditions and the pseudopotential method as an approximation of the atomic core -valence electron interaction, while the electronic wavefunctions are expanded in a plane wave basis. We adopted ultrasoft type pseudopotentials, due to its computational efficiency, and the generalized gradient density approximation of Perdew, Burke and Ernzerhof (GGA-PBE) [19] for the exchange-correlation functional, due to its accuracy in describing the bulk properties of many materials.
For the calculation of the ground state total energy, we used an eight atom cubic supercell with rock salt structure for the TiN, Ti 0.75 Al 0.25 N and Ti 0.75 Si 0.25 N, while in the case of the quaternary Ti 1-x-y Si x Al y N system a 32 atoms supercell was used. In order to study the effect of alloying TiN with Si and/or Al, the central titanium atoms in the supercells were replaced by Si, Al atoms. Because we just studied one particular arrangement of atoms for each alloy composition, our theoretical results do not correspond to properties of real Ti 1-x-y Si x Al y N random alloys. However, the fact that our calculated density of states (DOS) is in good agreement with other calculations accounting for the disorder of TiAlN alloys [13] , gives some reliability to our calculations and interpretation of the trends observed in experimental results.
The Brillouin zone was sampled with the Monkhorst-Pack scheme [20] using a k point 10x10x10 mesh for the smaller supercells and a 3x3x6 mesh for the 32 atoms supercells. A plane wave energy cutoff of 350 eV and an energy convergence limit of 5×10 -7 eV/atom were used in total energy calculations, guaranteeing a high level of convergence. The geometry of the resulting structures was fully optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique with the following tolerances: residual force less than 0.01 eV/Å, and residual bulk stress less than 0.02
GPa.
Using the calculation procedure describe above, we obtained the total energies for the various Ti 1-x-y Si x Al y N structures, together with total energy of crystalline titanium (hcp), aluminium (hcp), silicon (diamond cubic) and molecular nitrogen. The formation (E form ) energy was then calculated by
The cohesive energy (E coh ) was calculated in the usual way from the difference in total energy between the isolated atoms and the (Ti,Si,Al)N compound,
The elastic constants were calculated for each structure by applying suitable lattice distortions to the relaxed cubic structure. The elastic moduli were obtained from the elastic constants using the voight approximation for polycrystalline materials [21] .
Results and discussion
The XRD experiments of the selected samples, exhibiting a Ti 1-x-y Si x Al y N metastable solid solution phase, are illustrated in figure 1 . Previously, we have already discussed the developed structure [10, 14, 15] . Nevertheless, for the sake of clarity some features should be pointed out. for TiN, relative to experiments (E formation = -1.73 eV/atom; E cohesive = -6.9 eV/atom), which can be attributed to systematic errors in the description of the exchangecorrelation term and/or to an improper accounting of the groundstate of isolated atoms [22] . The calculations predict that all the structures studied here are stable, with TiN being the most stable of all because of its higher formation energy. The substitution of Ti atoms by Si, Al atoms reduces the formation energy, suggesting that the ternary/quaternary compounds exist in a metastable phase. The same trend is observed for cohesive energy, which indicates a weakening of the atomic bonding with the addition of Si, Al to TiN lattices.
We have also analyzed the properties of bonding between atoms through Mulliken analysis of the overlap population of nearest -neighbours, which is used to indicate the degree of covalency in materials. A large value for this population indicates that the two atoms in question are bonded, while a negative value means that the atoms are in an antibonded state. A value close to zero indicates that there is no significant interaction between the electronic populations of the two atoms. Table 2 
Conclusions
We studied the electronic, structural and mechanical properties of Ti 1-x-y Si x Al y N structures, using an ab-initio approach based on DFT and the pseudo potential method. Figure 2 
